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Nylon-6,6 is a synthetic polymer that is manufactured from Adipic Acid and 
Hexamethylenediamine (HMDA). This report outlines the process design and economic 
analysis for the construction of a grassroots plant for the production of 85 million 
lbs/year of Nylon-6,6. For this design, a batch process was selected. Four reactors are 
utilized, and four complete cycles of each reactor are run per day. The economic 
analysis was performed over a span of fifteen years, assuming ten year MACRS 
depreciation on capital costs. A minimum rate of return of 15% was assumed. The net 
present value of the Nylon-6,6 production plant is $69,300,000 at 100% capacity. The 
discounted cash flow rate of return is 113%. 
 
The process has been determined profitable and feasible after a technical, safety, and 
economic evaluation. It is recommended that this project move into the next stage of 




Nylon-6,6 is a manufactured polymer that is produced in the reaction between Adipic 
Acid and HMDA. Its chemical formula is (C12H22N2O2)n. Nylon-6,6 is a common material 
used to make carpet and other floor coverings, upholstery, conveyor belts and tires, 
clothing, coated fabrics, toothbrushes, hangers, and packaging. Nylon, compared to 
others polymers, is a preferred material because of its high tensile strength, durability, 
and melting point.3 Nylon-6,6 is named because of the amount of carbons that the 
amine and acid group contribute to the molecule, as seen in the reaction below: 
 
Figure 1: Reaction to form Nylon-6,6 
 
Nylon-6,6 has advantages over other types of nylon such as abrasion resistance, low 
shrinkage at high temperatures, and a less open structure, which makes Nylon-6,6 
better for dyeing and more resistant to change in color from exposure to UV light.3 
     
In this manufacturing process, Adipic Acid and HMDA react in a polymerization reaction 
to form Nylon-6,6 and water, as shown above in Figure 1. The process begins when 
Adipic Acid and HMDA are mixed in stoichiometric amounts and are combined with 
water in a mixer. The mixture is heated to approximately 266 oF, which is the 
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temperature required to dissolve the Adipic Acid and HMDA in water, and the solution 
becomes a molten salt. Before this solution is transferred to the polymerization reactor, 
the reactor is purged with nitrogen to eliminate the presence of any oxygen, which could 
lead to degradation of the Nylon-6,6. After the purge is complete, the solution is 
transferred to a jacketed batch polymerization reactor and the dissolved products react 
to form Nylon-6,6 and water. The reactor temperature is raised to approximately 478oF 
while the water product and the water used to dissolve the reactants evaporates off of 
the reactor and is vented to atmosphere. As more steam is vented, the polymerization 
reaction is driven forward to produce more Nylon-6,6. After the water content has been 
reduced in the reactor to 0.2% by mass, the product nylon in a molten state is 
transferred to an extruder where it is extruded and cut into chips at a final product 
amount of approximately 259,000 lbs/day. 
 
Though there has been an industry shift in recent years to the use of a continuous 
process for producing polymers, a batch process has been evaluated to be more easily 
controlled and to have greater scaling capabilities if demand decreases. In this design, 
four cycles of a complete batch are produced per day in order to minimize the size of 
the equipment required. During one cycle, four mixers and four polymerization reactors 
are used, further reducing the size of each piece of equipment needed. Stainless steel 
is used for each mixer and reactor due to the corrosive nature of the reactants. A simple 




Figure 2: Block Flow Diagram of Mixer/Reactor Pairs 
 
Electric heating is used in the mixer and the polymerization reactor rather than steam 
due to local utility costs. Heat and material integration designs have been evaluated and 
not deemed profitable for the process. Steam produced in the polymerization reactor 
could be used to preheat the water used to dissolve the reactants, but the timing of the 
steam vent to atmosphere does not correspond with the timing of the water feed to the 
mixer. Condensing, treating, and recycling steam to the feed water tank was evaluated 
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as a form of material integration. Material integration was rejected because the 
operating cost of the heat exchanger far surpassed the cost of purchasing water. A 
recycle stream for the HMDA and Adipic Acid was not determined necessary during the 
preliminary design process due to high conversion of reactants, though further 
investigation is recommended in later stages of the design process. 
 
Management has determined the plant location to be Calvert City, Kentucky. This plant 
will have the capability to produce 85 million pounds of Nylon-6,6 annually. Because it is 
a batch process, production can be scaled down to any desired amount by operating 
less frequently on the installed equipment. Calvert City is located on the Tennessee 
River and the Paducah and Louisville railways. This makes Calvert City an optimal 
location for transportation into and out of the plant. It is located in a central geographic 
region and there are no notable barriers to transportation in the area. The current 
purchase price of the reactants and sale price of the Nylon-6,6 product, which can be 
seen below in Table 1, make this process very valuable at this time, and thus 
construction in 2018 and startup in mid-2019 would be optimal. 
 
Table 1: Commodity Prices 
Material Price Per Pound 





The assumed minimum rate of return is 15%. This grassroots project will be evaluated 
over a 15 year span, assuming ten year MACRS depreciation of capital investments. 
The design will be analyzed for 100% capacity operation as well as 67% capacity 
operation. 
 
A thorough hazard identification has been completed and a hazard mitigation plan has 
been produced. A complete discussion of the hazards associated with each material 
and operation in the process begins on page 34 of this document. Safety Data Sheets 
are also included on pages 81 through 96 in the Appendix. The process involves the 
use of materials that pose significant potential to be hazardous to both plant personnel 
and the environment. Care has been taken to minimize the risk posed by the use of 
materials and severe operating conditions. The main safety concerns in this process 
involve high temperatures and combustion. If molten Nylon-6,6 comes in contact with 
skin or clothing, severe burns will occur. HMDA and Adipic Acid are both toxic and can 
cause burns, blisters, and severe irritation if not properly contained. Wastewater 
treatment is also critical in the process, as HMDA and Adipic Acid are both highly toxic 
to aquatic life. 
 
The process, equipment, costing, and safety information for the preliminary design is 
given in the remainder of this document. 
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Process Flow Diagram and Material Balances 
 
The process flow diagram (PFD) for the process can be seen on pages 10 and 11 of 
this document. The key in the bottom right corner gives insight to labeling information. A 
detailed controls scheme for the mixers and polymerization reactors is give on page 12. 
A stream summary table for each process stream can be found on page 13. A detailed 
description of the process will be given in the subsequent sections of this document. 
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Figure 3: Process Flow Diagram 1 of 2 
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Figure 4: Process Flow Diagram 2 of 2 
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Figure 5: Controls Scheme for Reactors and Mixers 
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Figure 6: Stream Summary Table 
Page 14 of 97 
 
Process Description  
 
In this process, Adipic Acid and HMDA are mixed to form Nylon-6,6 and water. The 
reactants are dissolved, heated, and stirred in a mixer to form a dissolved salt solution, 
then flow to a polymerization reactor. Upon entering this reactor, the dissolved salt 
begins to form Nylon-6,6 and water. Heat is added to evaporate the product water, 
which is then vented to the atmosphere, thus driving the reaction forward. Once the 
water content in the product reaches 0.2% by mass, the molten Nylon-6,6 product is 
extruded, cut, and cooled, then packaged and stored for sale.  
 
This process manufactures Nylon-6,6 in four batches per day, with each batch taking 
approximately six hours to complete. The designed production facility includes five 
mixers and five polymerization reactors. This number was selected so that four 
mixer/reactor pairs could be used at any given time, and the fifth pair could be offline for 
service and cleaning. The reactors will be switched every other day, so that each pair 
will operate for a maximum of eight consecutive days between cleanings. This time 
cycle can be adjusted to account for more or less cleaning time if needed. The mixers 
and reactors were sized to include a safety factor of 0.75, thus reducing the likelihood of 
overfill. Each mixer and reactor has a volume of 452 ft3 and 481 ft3, respectively. The 
layout of the mixers and reactors can be found the PFD, on pages 10 and 11. 
 
All mixers and reactors are agitated and jacketed, and all utilize electric heating. Electric 
heating was selected over using steam or fired heating by considering local utility costs 
for water (and water treatment), fuel gas, and electricity.6,16,19 The price of electricity for 
Calvert City makes electric heating an affordable energy cost. Use of electricity 
minimizes the amount of equipment needed to heat the process. It is assumed that the 
mixers, reactors, and pipes are well-insulated, and thus any heat lost by the system 
during production is negligible. 
 
The reactants for production of Nylon-6,6 are stored in tanks at the manufacturing 
facility. Because HMDA is a hazardous substance, the tanks are sealed and the 
process for loading the mixers is automated, thus lessening the risk posed to operators 
handling the materials. Temperature indicators are installed on every tank due to the 
flammability hazards associated with the Adipic Acid and HMDA. Because of the 
corrosive nature of the reactants, the storage tanks are both made of stainless steel. 
The tanks are raised higher than the inlet to mixers so that the reactants may be loaded 
to the mixers using gravity. The storage tanks for each of the two reactants are each 
capable of holding two days’ worth of production material when the process is operating 
at full-scale. The cost of purchase and transport of raw material into the plant is 
accounted for in the annual operating cost of the process. 
 
Page 15 of 97 
 
Water is needed to dissolve the Adipic Acid and HMDA in the mixer to form a salt 
solution of ions. The water is purchased, treated, and stored in one carbon steel tank 
that is also capable of holding two days’ worth of water needed for production. The 
storage tanks for the water, the Adipic Acid, and the HMDA are sealed tanks at 
atmospheric pressure. The equipment sheets for the storage tanks can be found on 
pages 25, 26, and 27.  
 
The first step in the process is to load the HMDA and Adipic Acid into the mixers being 
utilized for the current batch. As mentioned, four of the five mixer/reactor pairs are in 
operation during any given batch, with the last pair out of service for cleaning and 
maintenance. Equivalent amounts of Nylon-6,6 are produced in each of the pairs in 
service. Equivalent stoichiometric amounts of Adipic Acid and HMDA are loaded into 
each mixer. The amount of each substance added to the reactor is controlled by a scale 
that measures the weight of the contents in the mixer. The water needed to dissolve the 
reactants is pumped to each mixer at 40 psi. The mixer is stirred and heat is added until 
the contents reach a temperature of 266oF, which is the solubility temperature of the 
reactants in the given amount of water. Because this temperature is well above the 
boiling point of water at atmospheric pressure, additional water is added to the mixer to 
pressurize it to the saturation pressure of water at 266oF. The mixer pressure becomes 
approximately 40 psi as the water is vaporized. 
 
The amount of each reactant and water required during each batch and per mixer is 
shown in Table 2, below. 
 
Table 2: Material Required for One Cycle 
Material Amount Per Batch (lb) 





The amount of heat added to the reactor is controlled by a temperature indicator and 
controller on each mixer. The set point for the temperature of the mixer contents is set 
to 266oF and heat is added until that temperature is reached. At this point, all reactants 
are dissolved in solution and the formation of steam has pressurized the reactor. The 
mixer is equipped with a relief valve that will automatically release in the case of 
overpressure. 
 
Before the contents of the mixer can be transferred to the polymerization reactor, the 
reactor is purged with nitrogen. This is done to eliminate the presence of any oxygen in 
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the reactor which might cause degradation of the Nylon-6,6 product. The nitrogen is 
supplied to the four reactors in use from a nitrogen delivery source and is released 
through a relief valve on the reactors. Approximately 370 lbs of nitrogen are needed per 
reactor per cycle, and the nitrogen is fed to the reactor at 20 psi. This is a great enough 
pressure to exit the reactor and vent to atmosphere as well as a small enough pressure 
for the mixer contents to enter the reactor without the use of a pump.  
 
Table 3: Nitrogen Requirement 




Once the nitrogen purge on the reactor is complete and the reactants are fully dissolved 
into the intermediate salt solution at 266oF, they are immediately loaded into the reactor. 
(Note: It is assumed that no Nylon-6,6 product is formed in the mixer for the preliminary 
design of this process.) There is a check valve on the line between the mixer and the 
reactor to prevent backflow into the mixer. Once the solution is transferred to the 
reactor, heat is continually added until the temperature is 478oF. At this temperature, 
the nylon is in a molten form and can be extruded. The temperature is monitored with a 
temperature indicator; a control is in place to add heat until the desired temperature is 
reached. The pressure in the reactor is then allowed to decrease to atmospheric 
pressure by venting steam to the atmosphere. As this happens, the water byproduct 
produced in the reaction between Adipic Acid and HMDA evaporates, thus driving the 
reaction further towards the product side. The reactor is stirred and heat is added to 
continue the evaporation of the water until the water content is less than 0.2% by mass. 
This process is controlled by measuring the amount of steam venting to the atmosphere 
with a flow indicator.  
 
Simulation data indicated that reaction time is 4-6 hours.30 Using this information, a 
kinetic simulation for the reaction was completed using PolyMath software. The results 
from this simulation are found in the Appendix on pages 77 and 78. The following figure 



























Based on the Figure 7, a conversion of 100% was assumed and the total time per 
batch, including mixing, reacting, and extruding, was determined to be six hours. 
 
The molten Nylon-6,6 is pressurized out of the reactors using the nitrogen purge for the 
next cycle. The nylon product from all four reactors in use is combined and extruded. As 
the formed strands leave the extruder, they are cut into chips and are deposited onto a 
conveyor. Cooling water passes over chips as the move along the conveyor to cool 
them to a temperature of approximately 100oF. A fan continues to cool and dry the chips 
during the remainder of the conveyor residence time. The chips are packaged into bags 
that are sealed and stored for sales. During further stages of design and depending on 
the main mode of transportation of the product, methods to deposit the sealed packages 
directly into rail cars, semi-trucks, or other modes of transportation should be evaluated. 
 
Energy Balance and Utility Requirements  
 
The energy requirements for this process were derived from an energy balance 
performed around the two central pieces of equipment, the mixer and the polymerization 
reactor. Energy requirements also include the necessity of cooling water to cool the 
Figure 7: Conversion vs. Time for Nylon-6,6 Reaction 
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extruded product. The equations used to calculate energy requirement for each piece of 
equipment can be found on page 55 in the Appendix. 
 
Mixer 
The first step in the process is forming a salt solution of water, Adipic Acid, and HMDA 
in the mixer. Solubility of the reactants was taken into consideration when determining 
how much water is necessary to form a solution. A lesser amount of water requires less 
purchase cost, but must be heated to a higher temperature to dissolve the reactants. 
The solubility of Adipic Acid was used as a limiting reagent because HMDA has a 
greater solubility in water. An energy balance was performed to determine the amount 
of energy required to increase the temperature of the water, and therefore the solubility 
of the reactants. The costs of water and energy were compared in order to determine 
the optimal volume of the water and water temperature with which to dissolve the 
reactants. After optimization it was determined that a smaller volume of water required 
less energy input, even when heated to a higher temperature. The results from this 
optimization are in the Table 25 on page 63 in the Appendix. This optimization does not 
include the amount of water added to pressurize the mixer or the energy to heat the 
solid HMDA or Adipic Acid, but as these values are nearly constant, the cost 
comparison is not impacted significantly. The energy requirement and cost for heating 
the contents of the four mixers is listed below in Table 4. Electricity is the utility used to 
heat the mixers. 
 
Table 4: Energy Demand for Mixer Heating 
Qmixer(Btu/hr) 2,611,534 
Cost of Mixer Heating ($/year) $387,000 
 
 
There is an agitator in the mixer in order to increase solubility and produce a well-mixed 
solution. The cost for mixing was calculated as 75% of the cost of heating. From this 
assumption, the energy requirement of the four mixers was calculated. Electricity is 
used for agitation. The results are listed in the table below.  
 
Table 5: Energy Demand for Mixer Agitation 
Qmixer,agitator (Btu/hr) 1,958,650 
Cost of Mixer Agitation ($/year) $291,000 
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Polymerization Reactor 
The formation of Nylon-6,6 from Adipic Acid and HMDA is an endothermic reaction, and 
as such requires heat to proceed. The contents of the reactor are heated from a 
temperature of 266oF to a temperature of 478oF. This maximum temperature is set 
based on the melting point of Nylon-6,6 and the need for a molten form of the product 
for extrusion. An energy balance was performed around the polymerization reactor and 
accounts for heat absorbed by the reaction. The energy requirement and cost for 
heating the reactor is listed below in Table 6. The utility used to heat the reactors is 
electricity.  
Table 6: Energy Demand for Reactor Heating 
Qreactor (Btu/hr) 2,580,420 
Cost of Reactor Heating ($/year) $383,000 
 
 
There is an agitator in the polymerization reactor to increase polymerization of Nylon-
6,6.24 The cost for agitation was calculated in manner consistent with that of the mixer 
agitation. Electricity is again used for agitation. 
 
Table 7: Energy Demand for Reactor Agitation 
Qreactor,agitator (Btu/hr) 1,935,316 
Cost of Reactor Agitation ($/year) $287,000 
 
 
The formation and release of steam creates a possibility for heat integration in this 
design. The major focus area for heat integration is using the steam to preheat the 
water prior to entering the mixer. This reduces operating costs and energy requirements 
for the mixing process. Although the amount of steam is sufficient to heat the water to 
the selected temperature of 266oF, heat integration was rejected for this design. 
Because a batch process was selected, the timing of the release of steam is not 
compatible with the timing of the water fed to the mixer. The release of steam from the 
polymerization reactor occurs when driving the reaction to completion, in the latter half 
of the process. This release occurs before another batch begins in the mixer. After heat 
integration was rejected, the possibility of material integration was considered. The idea 
of condensing the steam, treating it, and recycling to use as feed water was explored. A 
heat exchanger with a cooling water utility was designed to condense the steam. The 
operating cost of the heat exchanger was on the order of millions of dollars per year due 
to the volume of steam condensed per day. The expense of operating this heat 
exchanger would outweigh the cost of purchasing treated water for the process. The 
results from the water integration calculations can be seen on page 64 in the Appendix.  
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An energy balance was performed to determine the amount of cooling water necessary 
to cool the Nylon-6,6 product in order to prepare for sale. The product is cooled from the 
temperature of 478oF, at the outlet of the polymerization reactor to a temperature of 
100oF. The cooling water supply and return temperatures of 60oF and 102oF 
respectively were used in the energy balance calculation.14 
 
Below is a summary of the energy demands for the process and the sources of those 
demands. 
Table 8: Summary of Energy Demands for the Process 
Energy Demands 
2,611,534 Btu/hour to heat the contents mixer from 60oF to 266oF 
2,580,420 Btu/hour to heat the contents of the reactor from 266oF to 478oF 
73,531,718 Btu/hour to heat cooling water from 60oF to 102oF 
 
Table 9: Summary of Sources of Energy Demands 
Source of Energy Demands 
2,611,534 Btu/hour from power generator to heat mixer 
2,580,420 Btu/hour from power generator to heat reactor 




Equipment List and Unit Specifications 
 
Mixer and Polymerization Reactors  
Mixers M-1 through M-5 and polymerization reactors PR-1 through PR-5 were sized 
using a combination of material balances, energy balances, safety considerations, and 
by optimization. An overall mass balance was performed to determine the amount of 
material entering the mixer. These equations can be seen on page 54 in the Appendix. 
Detailed energy balance calculations for the mixers and the polymerization reactors can 
be seen on page 61 in the Appendix. The process was optimized for two conditions: 
number of cycles per day and number of reactors per cycle. Four cycles per day was 
selected over three cycles and two cycles per day because running four cycles per day 
would result in smaller reactor volume thus reducing the capital cost of the reactors as 
seen on pages 68 and 70 in the Appendix. An optimization was also performed on the 
number of mixers and reactors versus present worth cost however, this optimization 
was inconclusive as the results showed a nearly linear relationship, as seen on page 97 
in the Appendix. Because of the inconclusive optimization, the number of mixers and 
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reactors were chosen in order to accommodate the variation in capacity and for safety 
and loss prevention concerns. In order to easily change capacities, four mixers and 
reactors were selected with an additional fifth mixer and reactor for sparing purposes. In 
total, five mixers and five polymerization reactors were included in this design. The fifth 
mixer and reactor allow for equipment to be rotated every other day for cleaning and 
maintenance purposes. Each mixer and reactor will be constructed from stainless steel 
as Adipic Acid and HMDA will corrode other standard materials of construction. The 
volume of the mixers are 452 ft3 and the volume for the polymerization reactors is 481 
ft3. The mixer equipment specification sheet can be seen on page 29 and the detailed 
mixer cost estimate can be seen on page 73 in the Appendix. The cost of each mixer is 
$270,000. The polymerization reactor equipment specification sheet can be seen on 
page 30 and the detailed reactor cost estimate can be seen on page 73 in the 
Appendix. The cost of each reactor is $280,000. 
 
Feed Water Pumps  
Feed water pump P-100A was sized to supply five horsepower (hp) using the hydraulic 
pump sizing equation on page 56 in the Appendix. Detailed calculations for the pump 
can be seen on page 71 in the Appendix. The cost each pump is $17,000. This design 
includes two pumps with one of the pumps (P-100B) acting as a spare. As these pumps 
will be used strictly for feed water, they will be constructed out of carbon steel as there 
is no corrosion concern. The pump equipment specification sheet can be seen on page 
28. 
 
Storage Tanks  
The tanks T-100A/B, T-101A/B, and T-102 were sized to accommodate a reasonable 
amount of reactant storage. The HMDA storage tanks (T-100A/B) and the Adipic Acid 
storage tanks (T-101A/B) were sized to hold two days’ worth of reactants each. Overall, 
the plant will have enough Adipic Acid and HMDA stored to run the process for four 
days. All four of these tanks will need to be constructed out of stainless steel to prevent 
corrosion from HMDA and Adipic Acid. The volume of each HMDA tank in this design is 
5072 ft3 and the volume of each Adipic Acid tank is 3936 ft3. Since water is more readily 
available than both HMDA and Adipic Acid, only one feed water storage tank (T-102) 
will be present which can hold two days’ worth of feed water. The feed water tank 
material of construction is carbon steel and the tank has a volume of 20.7 ft3. The Adipic 
Acid storage tank equipment specification sheet can be seen on page 26 and the 
detailed cost estimate can be seen on page 72 in the Appendix. The cost of each Adipic 
Acid storage tank is $802,000. The HMDA storage tank equipment specification sheet 
can be seen on page 25 and the cost estimate can be seen on page 72 in the Appendix. 
The cost of each HMDA storage tank is $402,000. The feed water storage tank 
equipment specification sheet can be seen on page 27 and the cost estimate can be 
seen on page 74 in the Appendix. The cost of the water storage tank is $367,000. 
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Extruder and Packager 
The Extruder and Packager (E-100) was sized using the mass balance seen on page 
69 in the Appendix. The extruder and packager material of construction is stainless 
steel and the volume is 1236 ft3. The equipment specification sheet can be seen on 
page 31 and the detailed cost estimate can be seen on page 73 in the Appendix. The 
cost of the extruder and packager is $565,000. 
 
There were difficulties encountered when sizing the extruder and packager. The 
extruder was sized according to procedures in Reference 34 for sizing a pressure 
vessel. To account for the additional extrusion equipment on the vessel as well as the 




The Conveyor (C-100) was sized from the mass of Nylon-6,6 per cycle in order to 
account for all the material the conveyor cools per cycle. The conveyor is constructed 
from carbon steel and silicone as pellets of Nylon-6,6 do not pose a risk of causing 
corrosion to carbon steel. The length of the conveyor belt is sized to be 328 ft and the 
width of the conveyor is 3.28ft. The surface area for Nylon-6,6 pellets to cool and dry on 
is 538.2 ft2. While on the conveyor, 64,818 pounds of Nylon-6,6 will be cooled in order 
to be packaged and shipped. The equipment specification sheet can be seen on page 
32 and the detailed cost estimate can be seen on page 73 in the Appendix. The cost of 
the conveyor is $271,000. 
 
A summary of the unit types, equipment numbers, and operating conditions can be 
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Table 10: Equipment Summary Table 
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Equipment Specification Sheets 
 
The equipment specification sheets can be found on the following pages for each piece 
of equipment in the process. 
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Figure 8: HMDA Storage Tank Equipment Specification Sheet 
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Figure 9: Adipic Acid Storage Tank Equipment Specification Sheet 
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Figure 10: Feed Water Storage Tank Equipment Specification Sheet 
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Figure 13: Polymerization Reactor Equipment Specification Sheet 
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Figure 14: Extruder Equipment Specification Sheet 
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Figure 15: Conveyor Equipment Specification Sheet 
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Equipment Cost Summary 
 
The following table summarizes the estimated purchase cost of each piece of 
equipment used in the process. The costs were estimated using costing correlations 
outlined in Reference 34. 
 
Table 11: Equipment Cost Summary Table 




Purchased Total Cost 
Mixing Reactor 












$280,000 5 $1,400,000 
Water Feed 
Pump 
P-100 A/B Centrifugal $17,000 2 $33,000 
Adipic Acid 
Storage Tank 
T-100 A/B Fixed Roof $802,000 2 $1,610,000 
HMDA Storage 
Tank 
T-101 A/B Fixed Roof $402,000 2 $804,000 






$565,000 1 $565,000 
Conveyor C-100 Belt $271,000 1 $271,000 
 
 
Fixed Capital Investment Summary 
 
The total installed cost of the production equipment, as well as the grassroots cost of 
the production facility can be seen in Table 12, below. 
 
Table 12: Fixed Capital Investment Summary 
Total Installed Cost $6,400,000 
Total Grass Roots Cost $10,800,000 
 
 
The fixed capital investment for this process was estimated using procedures outlined in 
Reference 34 to cost each piece of equipment. In order to cost equipment for a 
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grassroots plant, the total fixed capital investment was multiplied by a factor of as seen 
on page 58 in the Appendix.  
 
Mixing and Polymerization Reactors  
Detailed calculations for the cost of Mixers M-1 through M-5 can be seen on page 73 in 
the Appendix and detailed calculations for the cost of Polymerization Reactors PR-1 
through PR-5 can be seen on page 73 in the Appendix.  
 
Feed Water Pumps  
Detailed calculations for the cost of Feed Water Pumps P-100A/B can be seen on page 
74 in the Appendix. 
 
Storage Tanks  
Detailed calculations for the cost of reactant Storage Tanks T-100A/B, T-101A/B, and T-
102 can be seen on page 72 in the Appendix. 
 
Extruder and Packager 
Detailed calculations for the cost of Extruder and Packager E-100 can be seen on page 
73 in the Appendix. 
 
Conveyor 
Detailed calculations for the cost of Conveyor C-100 can be seen on page 73 in the 
Appendix. 
 
Safety, Health, and Environmental Considerations 
 
1. Chemical Safety and Environmental Concerns 
The reaction chemistry for the production of Nylon-6,6 involves the use of different 
compounds that have the potential to be hazardous to both personnel and the 
environment. Safety Data Sheets for each chemical compound can be found on pages 
81 through 96 in the Appendix. Understanding the potential hazards and developing an 
effective plan helps to mitigate the risk of environmental and personal harm from the 
chemicals used in the production of Nylon-6,6. An analysis of the hazards and a 
mitigation plan has been evaluated for the preliminary design process. Care has been 




HMDA is a reactant in the production process and has many hazardous characteristics. 
HMDA is a combustible compound and should never come in contact with open flames 
to prevent combustion. Fires caused by HMDA combustion can be extinguished with 
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powder, alcohol-resistant foam, large amounts of water, or with carbon dioxide. HMDA 
should be stored in a well-sealed, unbreakable container in order to avoid contact with 
strong acids and strong oxidants. This type of storage helps prevent the spillage of 
HMDA which is toxic to aquatic life. Because of this, HMDA should never be released 
into the environment.12  
 
Adipic Acid 
The second reactant in this process is Adipic Acid. Adipic Acid is a combustible 
compound and should be stored away from open flames. A fire caused by the 
combustion of Adipic Acid can be extinguished using powder, water spray, foam, or 
Carbon Dioxide. Particles of Adipic Acid in the air can create an explosive mixture. To 
prevent explosions, dust explosion-proof electrical equipment should be used 
throughout the polymerization plant. Particle explosions can also be ignited by the 
discharge of static electricity which can be prevented by grounding. Like HMDA, Adipic 
Acid is harmful to aquatic life and releases into water sources should be prevented. 
Acceptable ways to dispose of Adipic Acid are by landfill, incinerator, or recycle.1  
 
Nylon-6,6 
For this process, Nylon-6,6 will be produced as small, solid pellets. The major safety 
concern with pellets is that pellets can become a slipping hazard when spilled. While 
Nylon-6,6 is not combustible or explosive, burning Nylon-6,6 can produce a dense, toxic 
smoke which could contain ammonia, carbon monoxide, and small amounts of 
hydrogen cyanide and aldehydes. Burning Nylon-6,6 can be extinguished using water, 
foam, or Carbon Dioxide. The preferred disposal methods for Nylon-6,6 are recycling, 
incineration with an energy recovery, and by landfill.21  
 
Nitrogen 
Nitrogen is used in this process in order to purge the polymerization reactor. While 
Nitrogen is not combustible, heating Nitrogen will result in a rise in pressure which risks 
bursting process equipment. Compressed Nitrogen should be kept in a cool, well-
ventilated room preferably in a fireproof building or room. The amount of Nitrogen used 
throughout this process is small enough that any effects from venting to atmosphere are 
negligible.23  
 
2. Chemical Health Concerns 
While each of these compounds also pose significant health hazards, health risks can 
be mitigated through proper safety procedures. 
 
Hexamethylenediamine 
If inhaled, HMDA can cause a burning sensation, labored breathing and shortness of 
breath, sore throat, and cough. In order to prevent the side effects associated with 
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inhaling HMDA, facilities should be equipped with ventilation systems, local exhaust, 
and have breathing protection readily available. The treatment for the inhalation of 
HMDA consists of supplying the afflicted person with fresh air, rest, and artificial 
respiration, if needed. HMDA can be absorbed through skin and absorption will result in 
redness, burns, blisters, and pain. To prevent direct skin contact, personnel should wear 
protective gloves and clothing. If direct skin contact occurs, the affected area should be 
rinsed with water. Eye exposure to HMDA, which can be prevented with the proper 
safety glasses and face shields, can cause redness, pain, and burns. Eye exposure 
should be treated by rinsing the eyes with plenty of water for several minutes; medical 
attention should be given after rinsing is completed. Ingestion of HMDA results in 
abdominal cramps, pain, burning, and/or collapse and afflicted personnel should be 
referred to medical professionals immediately.12  
 
Adipic Acid 
Adipic Acid can cause coughing and sore throat when inhaled. To prevent inhalation, 
facilities should be equipped with a local exhaust system. Protective clothing and gloves 
should always be worn when dealing with Adipic Acid. If direct skin contact with Adipic 
Acid occurs, contaminated clothing should be removed and affected areas should be 
rinsed with water. Safety glasses or other similar eye protection should be worn by all 
personnel to avoid redness and pain caused by eye contact with Adipic Acid.1  
 
Nylon-6,6 
Molten Nylon-6,6 produces fumes that can cause eye and skin irritation as well as 
breathing problems. To avoid potential problems caused by fumes, facilities should be 
well ventilated and molten Nylon-6,6 should be contained in closed vessels. If molten 
Nylon-6,6 comes in contact with skin, it will cause severe burns. If contact occurs, the 
polymer should be cooled with water and medical attention should be sought in order to 
remove the cooled Nylon-6,6 from skin. Nylon-6,6 in pellet form poses no significant 
health risks.21  
 
Nitrogen  
Large concentrations and accidental releases of Nitrogen in enclosed spaces can result 
in lowered oxygen concentrations which can cause unconsciousness, weakness, and, 
in extreme cases, suffocation. All facilities using Nitrogen need to be equipped with 
ventilation systems.23  
 
3. Plant Safety Plan 
Considering the numerous health and environmental concerns associated with each of 
the chemicals involved in this process, it is imperative to have an effective safety and 
risk mitigation plan put in place. The biggest hazard with this process is the potential of 
fire outbreaks due to the flammable nature of HMDA. To help prevent major damage by 
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fires, temperature indicators will be installed on both the HMDA and Adipic Acid storage 
tanks. These indicators will help operators mitigate the risk of fire by cooling the storage 
vessels with water to reduce the chance of combustion. If a fire were to occur, the 
facility will be equipped with a deluge system as well as alcohol-resistant foam systems. 
To mitigate risk to personnel, a siren system will be utilized to alert employees of 
dangerous conditions including fires. Muster points will also be considered in the 
planning stage to ensure there will be safe locations for employees to meet away from 
immediate risk. The control room will be built with blast proof walls to reduce the chance 
of injury to essential process operators.  
 
The facility will have a dedicated emergency response team made up of plant employee 
volunteers. The team will have frequent meetings and trainings to ensure that they are 
prepared in case of an accident. The team will also coordinate with the local emergency 
services. In case of emergency, all employees will understand protocol necessary to 
mitigate potential consequences.  
 
Due to the hazards associated with inhalation of any of the chemicals involved in this 
production process, ventilation systems will be installed throughout every building in the 
plant. Gas detection sensors will also be installed to further protect employees in the 
case of a ventilation system failure.  
 
The preliminary control scheme on equipment involves the use of pressure, 
temperature, flow, and level indicators. The temperature and pressure indicators on all 
mixers and polymerization reactors are critical instruments. These critical instruments 
will be associated with numerous alerts and alarms as well as emergency shutdown 
(ESD) procedures. Each mixer and reactor will also be equipped with pressure relief 
valves to mitigate the risk of over pressuring a vessel.   
 
Process Controllability and Instrumentation 
 
The first location in the process the chemicals interact is in the mixers. The addition of 
Adipic Acid and HMDA is controlled by a scale on each mixer to ensure that there is an 
equimolar amount of each reactant. This is important because excess of either reactant 
will lead to unreacted material in the polymerization reactor, which will then decrease 
the purity of the Nylon-6,6 product. Water is not added until both of the dry reactants are 
added. Water is measured going into the mixer using a level transmitter so that the 
correct amount is added to dissolve the reactants. If too little water is used, not all of the 
reactants will dissolve. If too much water is added, operating costs increase because 
more energy is required to evaporate the water.  
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Heat is added to the mixer to increase solubility of the reactants, and the amount of heat 
added is controlled by a temperature transmitter. As the mixer is heating, steam is 
produced and pressurizes the vessel. If too much heat is added the vessel will over 
pressurize and a relief valve will be utilized.  
 
A nitrogen purge is used to eliminate any presence of oxygen from the polymerization 
reactor prior to loading. The amount of nitrogen added to the reactor is monitored 
through a flow transmitter and does not pose any significant risk of overpressure. The 
nitrogen will be released through a relief valve on the reactor as the dissolved salt 
intermediate is loaded, and the remainder of the nitrogen will be driven out by 
evaporating steam from the process. 
 
The temperature and pressure of the polymerization reactor are measured using a 
temperature and pressure transmitter, respectively. The measured pressure inside the 
reactor is linked to a control valve on the relief system, thus adjusting the rate of steam 




Per Reference 34, overall manufacturing cost is generally a function of capital costs and 
raw material purchase. The following manufacturing costs are associated with 
production of Nylon-6,6. Maintenance cost is a function of capital cost and is included in 
annual operating cost. Operating labor is a function of the number of pieces of 
equipment in the plant; for this process seven operators are required annually. Clerical 
and supervisory labor costs and laboratory charges are functions of operating labor 
costs. Operating supplies costs are a function of capital investment. Overhead costs are 
also a function of operating labor costs and capital costs. The estimated annual 
operating costs for the production of Nylon-6,6 are summarized in the following cost 
sheets. A cost sheet for operation at 100% capacity and operation at 67% are included, 
on pages 39 and 40 respectively. 
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The details of the utility requirements for this process are summarized in Table 15, 
below. 
Table 15: Summary of Annual Utility Costs 
Utility Stream Cost/year 
Mixer Heating $387,000 
Mixer Mixing $291,000 
Reactor Heating $383,000 
Reactor Mixing $287,000 
Feed Water Pump $3 
Extruder $1,540,000 
Cooling Water Cost $350,000 
Total Cost of Utilities $3,230,000 
 
 
The working capital for this design is the raw materials present in storage tanks before 
being introduced to the process. There are two storage tanks for each reactant and 
each tank has the capability to hold two days’ worth of material. In total, there is four 
days’ worth of each reactant on site that is treated as working capital. The maximum 
amount of working capital in the facility at any given time is summarized in the table 
below.  
Table 16: Working Capital Summary 
Material Working Capital 






The total capital investment is $10,800,000. As mentioned previously in this report, the 
detailed costing equations for each piece of equipment can be seen on pages 57 and 




The profitability of this design was assessed by calculating the discounted cash flow 
rate of return (DCFROR) and the net present value (NPV). A minimum rate of return of 
15% was assumed. These factors were calculated over a fifteen year span, accounting 
for ten year MACRS depreciation of capital. It was assumed that 60% of the fixed 
capital investment was incurred in 2018 and the remaining 40% was incurred in 2019. 
The recommended start up is July 2019, and half year production was assumed for that 
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year. The payback period was calculated to determine the length of time to recover the 
costs of investment. The same economic factors were considered when evaluating 
operation at 67% capacity. A summary of the results of the profitability indicators for 
100% capacity operation and 67% capacity operation is seen below in Table 17 and 
Table 18, respectively. 
 
Table 17: 100% Capacity 
DCFROR 113% 
NPV $69,300,000 
Payback Period 0.88 years 
 
Table 18: 67% Capacity 
DCFROR 70% 
NPV $33,500,000 
Payback Period  1.34 years 
 
 
The cash flow sheets for operating at 100% capacity and 67% capacity are included on 





























Figure 16: Cash Flow Sheet: 100% Capacity 






Figure 17: Cash Flow Sheet: 67% Capacity 
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A sensitivity analysis was performed to identify the parameters that have the largest 
impact on the profitability of the design. The following parameters were included in the 
analysis: selling price of Nylon-6,6, purchase of cost of Adipic Acid, purchase cost of 
HMDA, cost of water treatment, capital cost, and cost of utilities. The parameters that 
have the greatest effect on the profitability of the design are selling price of Nylon-6,6 
and purchase cost of Adipic Acid and HMDA. The following tables show the detailed 
sensitivity analysis on these parameters. 
 









$1.04 -24% -18.9 -116.7 (6,350,253) 
$1.20 -12% 54.14 -52.1 $31,477,508 
$1.36 0 112.92 0.0 $69,305,270 
$1.52 12% 170.19 50.7 $107,133,029 
$1.77 30% 258.27 128.7 $166,238,905 
$2.00 47.10% 338.48 199.8 $220,616,312 
 
 
The price range used in this sensitivity analysis was selected because of historic market 
trends. The lowest selling price corresponds to the cost of production/lb of Nylon-6,6. If 
the market selling price were to fall below $1.04/lb of Nylon-6,6, it would not be feasible 
to continue operation with the current design. The break-even price is $1.07/lb of Nylon-
6,6.   
 
Table 20: Sensitivity Analysis for Purchase Price of Adipic Acid 









$0.34 -45% 175.74 55.6 $110,833,172 
$0.43 -30% 155.08 37.3 $97,092,322 
$0.52 -15% 134.3 18.9 $83,351,472 
$0.61 0 112.92 0.0 $69,305,270 
$0.70 15% 92.28 -18.3 $55,869,772 
$0.79 30% 70.93 -37.2 $42,128,922 
$0.88 45% 49.21 -56.4 $28,388,072 
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Table 21: Sensitivity Analysis for Purchase Price of HMDA 





% Change in 
ROR 
NPV 
$0.62 -45% 204.89 81.4 $130,313,870 
$0.78 -30% 175.83 55.7 $110,888,830 
$0.95 -15% 114.75 1.6 $90,249,726 
$1.12 0 112.92 0.0 $69,305,270 
$1.29 15% 81.6 -27.7 $48,971,517 
$1.46 30% 49.12 -56.5 $28,332,413 
$1.62 45% 16.98 -85.0 $8,907,374 
 
The price range for cost of Adipic Acid and cost of HMDA was determined so as to 
reflect changing market trends. 
 
The tornado chart on the following page represents the effect of each parameter on the 
rate of return. The cost of water treatment has such a small effect on the economic 
analysis that it is not included on the tornado chart. 
 
 
Figure 18: Tornado Chart for Sensitivity Analysis 
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Based on the results from the sensitivity analysis, a best case and worst case scenario 
were developed. This provides perspective on the potential of the project on both ends 
of the spectrum. The best case scenario considers the highest selling price of Nylon-6,6 
and the lowest costs of raw materials, water treatment, and capital and operating 
expenses. The worst case scenario considers the lowest selling price of Nylon-6,6 and 
the highest costs of raw materials, water treatment, and capital and operating expenses. 
The results from this analysis are summarized below in Table 22. Cash flow sheets for 
the best case and the worst case are found on pages 79 and 80 in the Appendix, 
respectively. 
 
Table 22: Best Case/Worst Case Scenarios 
 Worst Case Best Case 
Market Price ($/N66) $1.04 $2.00 
Cost of Adipic Acid ($/lb) $0.88 $0.34 
Cost of HMDA ($/LB) $1.62 $0.62 
Cost of Water Treatment ($/lb) $0.00105 $0.00015 
Capital Cost $13,922,561 $7,496,764 
Utility Cost ($/year) $4,197,358 $2,260,116 
   
NPV (112,296,223) 328,388,211 
ROR >>0% 701% 
 
 
The results of the economic analysis indicate that this design, at 100% capacity and 
67% capacity, is profitable and should progress to the detailed design phase. The 
calculated DCFROR exceeds the minimum rate of return and the NPV is positive, 
indicating profitability. The payback period does not exceed two years for either case, 
which indicates the capital investment will be recovered within a reasonable amount of 
time. The combination of these economic indicators leads the design team to 
recommend moving forward to detailed design stage.   
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Conclusions and Recommendations 
 
It is recommended that this process moves to the detailed design phase. The design 
team recommends implementing the safety procedures outlined in this report to ensure 
safe operation. It is advised to implement a batch process that consists of four cycles 
per day and utilizes four mixers and four reactors. A fifth mixer and reactor should be 
purchased and used in rotation to allow for cleaning of the vessels every eight days. 
The recommended volume of each mixer is 452 ft3 and the recommended volume for 
each reactor is 481 ft3.  
 
The design team concludes that the production process of Nylon-6,6 from Adipic Acid 
and HMDA is feasible and profitable. The safety and environmental effects of this 
design were critical considerations when determining feasibility. After thorough analysis, 
the team mitigated potential risks to health and the environment. This design requires a 
fixed capital investment of $10,800,000. Ten year depreciation of equipment was 
assumed. The economic analysis indicates profitability with a NPV of $69,300,000 and 
rate of return of 113%, when analyzed over a fifteen year span. Detailed analysis of this 
process should begin as soon as possible to capitalize on the opportunity in the market. 
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Adipic Acid + Hexamethylenediamine  Nylon-6,6 + Water                                        (1) 
 
 
 C6H10O4 + C6H16N2  C12H22N2O2 + 2H2O                                          (2) 
 
 
−𝑟𝐴 = 𝑘𝐶𝐴𝑑𝑖𝑝𝑖𝑐 𝐴𝑐𝑖𝑑𝐶𝐻𝑀𝐷𝐴                                   (3) 
Where: 
rA = reaction rate, (mol/L*hour) 
k = rate constant, (1/hour) 
CAdipic Acid = concentration of Adipic Acid (mol/L) 







                                                   (4) 
 
Where: 
X = conversion to Nylon-6,6 
t = time (hours) 
rA = reaction rate, (mol/L*hour) 
Vreactor = volume of the reactor (ft3) 




(85 𝑥 106  
𝑙𝑏
𝑦𝑒𝑎𝑟










) = 54.88 𝑥 106
𝑙𝑏
𝑦𝑒𝑎𝑟
𝐴𝐴                 (5) 
 
 
(85 𝑥 106  
𝑙𝑏
𝑦𝑒𝑎𝑟










) = 43.65 𝑥 106
𝑙𝑏
𝑦𝑒𝑎𝑟
𝐻𝑀𝐷𝐴           (6) 
 
 
(85 𝑥 106  
𝑙𝑏
𝑦𝑒𝑎𝑟
 𝑁66) ∗ (
2 𝑚𝑜𝑙 𝐻2𝑂
1 𝑚𝑜𝑙 𝑁66







) = 13.56 𝑥 106
𝑙𝑏
𝑦𝑒𝑎𝑟
𝐻2𝑂            (7) 






?̇?𝑚𝑖𝑥𝑒𝑟 = ?̇?𝑚𝑖𝑥𝑡𝑢𝑟𝑒𝐶𝑝,𝑚𝑖𝑥𝑡𝑢𝑟𝑒(𝑇𝑒𝑥𝑖𝑡,𝑚 − 𝑇𝑖𝑛𝑙𝑒𝑡,𝑚)                           (8) 
 
Where: 
?̇?𝑚𝑖𝑥𝑒𝑟 = heat flow from the mixer, (Btu/hour) 
?̇?𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = mass flow rate of water, Adipic Acid, and HMDA to the mixer (lb/day) 
Cp, mixture = heat capacity of water, Adipic Acid, and HMDA mixture (Btu/ºF) 
Texit,m = exit temperature of the mixer, (ºF) 




?̇?𝑟𝑒𝑎𝑐𝑡𝑜𝑟 = ?̇?𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝐶𝑝,𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛(𝑇𝑒𝑥𝑖𝑡,𝑟 − 𝑇𝑖𝑛𝑙𝑒𝑡,𝑟) +  𝛥𝐻𝑟𝑥𝑛          (9) 
 
Where: 
?̇?𝑟𝑒𝑎𝑐𝑡𝑜𝑟 = heat flow from the reactor, (Btu/hour) 
?̇?𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = mass flow rate of water, Adipic Acid, and HMDA solution to the reactor 
(lb/day) 
Cp, solution = heat capacity of water, Adipic Acid, and HMDA solution (Btu/ºF) 
Texit,r = exit temperature of the reactor, (ºF) 
Tinlet,r = inlet temperature of the reactor, (ºF) 
ΔHrxn = heat of reaction of Adipic Acid and HMDA to form Nylon-6,6 and water (Btu/lb) 
 
Cooling the Product 
 
?̇?𝐶𝑜𝑜𝑙𝑒𝑑 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 = ?̇?𝑁66𝐶𝑝,𝑁66(𝑇𝑓𝑖𝑛𝑎𝑙,𝑁66 − 𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙,𝑁66)               (10) 
 
Where: 
?̇?𝐶𝑜𝑜𝑙𝑒𝑑 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 = heat released through cooling process, (Btu/hour) 
?̇?𝑁66 = mass flow rate of molten Nylon-6,6 (lb/day) 
Cp, N66 = heat capacity of molten Nylon-6,6 (Btu/ºF) 
Tfinal,N66 = final temperature of Nylon-6,6 product, (ºF) 
Tinitial,N66 = initial temperature of Nylon-6,6 product, (ºF) 
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Required Water to Completely Dissolve Reactants 
 
𝐹𝑤𝑎𝑡𝑒𝑟 = 𝐹𝐴𝑑𝑖𝑝𝑖𝑐 𝐴𝑐𝑖𝑑
𝑥𝑊𝑎𝑡𝑒𝑟
𝑥𝐴𝑑𝑖𝑝𝑖𝑐 𝐴𝑐𝑖𝑑
                           (11) 
 
Where: 
Fwater = molar flow rate of water, (mol/day) 
FAdipic Acid = molar flow of Adipic Acid, (mol/day) 
xwater = mole fraction of water 
xAdipic Acid = mole fraction of Adipic Acid 
 
Water to Pressurize the Mixer 
 
𝑛𝑤𝑎𝑡𝑒𝑟 =  
𝑃𝑚𝑖𝑥𝑒𝑟𝑉𝑚𝑖𝑥𝑒𝑟
𝑅𝑇𝑚𝑖𝑥𝑒𝑟
                                      (12) 
 
Where: 
nwater = moles of water required to pressurize the mixer, (lbmol/mixer) 
Pmixer = final pressure of the mixer, (psi) 
Vmixer = volume of one mixer, (ft3) 
R = ideal gas constant, (psi*ft3/lbmol*R) 
Tmixer = temperature in the mixer, (R) 
 





                                           (13) 
 
BHP = required brake horsepower for the feed pump, (hp) 
GPM = flow rate through the pump (GPM) 
ΔP = pressure drop across the pump, (psi) 
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Equipment Cost Estimation  
 
Calculating Purchase Cost 
 
𝐶𝑃 =  𝐶𝑃
0𝐹𝑃𝐹𝑀                                                    (14) 
 
Where: 
CP = Purchase cost of equipment 
CP0 = Purchase cost for base conditions 
FP = Pressure factor 
FM = Material factor, according to Reference 34 
 
Calculating Purchase Cost for Base Conditions 
 
𝑙𝑜𝑔10𝐶𝑃
0 =  𝐾1 + 𝐾2𝑙𝑜𝑔10(𝐴) + 𝐾3[𝑙𝑜𝑔10(𝐴)]
2                         (15) 
 
Where: 
A = Capacity or size parameter for that equipment 
K1, K2, K3 = Correlation coefficients, according to Reference 34 
 
Calculating Pressure Factor 
I. Process Vessels 
 





                                (16) 
 
Where: 
P = pressure of process vessel, (barg) 
D = diameter of process vessel, (m) 
 
II. Other Process Equipment  
 
𝑙𝑜𝑔10𝐹𝑃 =  𝐶1 + 𝐶2𝑙𝑜𝑔10𝑃 + 𝐶3(𝑙𝑜𝑔10𝑃)
2                              (17) 
 
Where: 
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Bare Module Cost  
𝐶𝐵𝑀 = 𝐶𝑃
𝑜𝐹𝐵𝑀 = 𝐶𝑃
𝑜(𝐵1 + 𝐵2𝐹𝑀𝐹𝑃)                        (18) 
 
Where: 
CBM = Bare Module Cost 
𝐶𝑃
𝑜 = Purchase cost for base conditions 
FBM = Bare Module Factor 
B1 = Bare Module Constant 
B2 = Bare Module Constant 
FM = Material Factor 
FP = Pressure Factor 
 
Grassroots Cost  
 
𝐶𝑇𝑀 = ∑ 𝐶𝑇𝑀,𝑖
𝑛
𝑖=1 = 1.18 ∑ 𝐶𝐵𝑀,𝑖
𝑛
𝑖=1                                   (19) 
 
 
𝐶𝐺𝑅 = 𝐶𝑇𝑀 + 0.5 ∑ 𝐶𝐵𝑀,𝑖
𝑜𝑛
𝑖=1                                      (20) 
 
Where:  
CTM = Total Module Cost 
CBM = Bare Module Cost 
CGR = Grassroots Cost 
 
Effect of Time of Equipment Cost Calculation 
 
𝐶2 =  𝐶1
𝐼2
𝐼1
                                                    (21) 
Where: 
C1 = cost in base year 
C2 = cost in desired year 
I1 = cost index in base year 
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Utility Cost Estimation  
 
Electricity for Pumps 
 
𝐶𝑜𝑠𝑡𝑝𝑢𝑚𝑝 𝑢𝑡𝑖𝑙𝑖𝑡𝑦 = 𝑞ℎ𝑐𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦                                  (22) 
Where: 
Costpump utility = yearly operating cost of using electricity in a pump 
q = heat flow, kW  
h = operating hours of the pump per year 
celectricity = cost of electricity, ($/kW hour) 
 
Cooling Water Utility 
 
𝐶𝑜𝑠𝑡𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑊𝑎𝑡𝑒𝑟 = 𝑞ℎ𝑐𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑊𝑎𝑡𝑒𝑟                               (23) 
 
Where: 
CostCooling Water = yearly operating cost of cooling water 
q = heat flow, (kW)  
h = operating hours of the pump per year 
cCooling Water = cost of cooling water, ($/lb) 
 
 
Operating Labor Cost Estimation  
 
𝑁𝑛𝑝 = ∑ 𝐸𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡                                    (24) 
 
Where: 
Nnp = number of nonparticulate processing steps 
Equipment = summation of total compressors, exchangers, furnaces, reactors, and 
towers in process                                                  
 
𝑁𝑂𝐿 = (6.29 + 31.7𝑃
2 + 0.23𝑁𝑛𝑝)
0.5                                    (25) 
 
Where: 
NOL = number of operators per shift 
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𝐿𝑎𝑏𝑜𝑟 𝐶𝑜𝑠𝑡𝑠 = 4.5𝑁𝑂𝐿𝑊                                                                  (25) 
 
Where: 
Labor Costs = cost of labor to run this unit for one year 









                                                               (27) 
 
Where: 
NPV = net present value 
Cash flow = after tax cash flow per year 
𝑃
𝐹𝑖,𝑛
= discount factor 
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Table 23: Energy Balance around Reactors and Mixers 
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Table 25: Optimization of Purchase Water Cost vs. Operating Costs 





Table 27: Heat Exchanger Sizing for 
Condensing Steam 
Table 26: Amount of Water to Be 
Evaporated 
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Table 28: Determining Reaction Constant, K 
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Table 29: Temperature Effects on Solubility 
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Table 30: Calculating Volume of Dissolving Water 
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Table 31: Optimizing Cycles per Day and Number of Reactors Per Day 
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Table 32: Determining Mixer Volume 
 
Table 33: Determining Water Required to Pressurize Mixer 
 
 
Table 34: Overall Mass Balance 
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Table 35: Optimizing Number of Reactors 
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Table 40: Detailed Cost Estimate, Mixer and Reactor 
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Table 42: Extruder Energy Balance 
 
 
Table 43: Extruder Utility Calculation 
 
 
Table 44: Waste Treatment Utility Calculation 
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Figure 20: PolyMath Report
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Figure 21: Cash Flow Sheet: Best Case Scenario 
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Figure 22: Cash Flow Sheet: Worst Case Scenario 
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Figure 24: Safety Data Sheet: HMDA 
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Figure 25: Safety Data Sheet: Nylon-6,6 
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